Abstract Purpose: A regulated p53-dependent stress response is crucial in suppressing tumor formation and mediating the response to commonly used cancer therapeutics. However, little is known about the human, inherited genetics of this important signaling pathway. Experimental Design: Studies of human genetic variants in the p53 tumor suppressor gene and MDM2 oncogene have shown that single nucleotide polymorphisms (SNP) can affect p53 signaling, confer cancer risk, and alter outcome, and also suggest that the pathway is under evolutionary selective pressure. Here, we attempt to accelerate the identification of functional p53 pathway SNPs by incorporating these characteristics into an analysis of 142 genes that are known to affect p53 signaling. Results: We report that a genomic scan for recent natural selection denotes that of the 142 genes studied, the PPP2R5E gene that encodes a regulatory subunit of the tumor suppressing protein phosphatase 2A resides in a naturally selected genomic region. We go on to show that a selected SNP in PPP2R5E (ε-SNP2) associates with significant allelic differences in the onset (up to 19.2 years; P = 0.0002) and risk (odds ratio, up to 8.1; P = 0.0009) of soft tissue sarcoma development, as well as overall survival (relative risk, up to 3.04; P = 0.026). Conclusions: The PPP2R5E gene is identified as harboring genetic variants that can affect human cancer and are possibly under evolutionary selection pressure. (Clin Cancer Res 2009;15(19):6301-8) 
The p53 tumor suppressor pathway is central both in reducing cancer frequency in vertebrates and in mediating the response of commonly used cancer therapies (1, 2) . Surprisingly, however, very little is known about the inherited genetic variation of this important signaling pathway (3, 4) . The p53 pathway is a cellular stress response pathway that is activated upon stresses such as DNA damage and oncogene activation. Once activated, it initiates cellular responses such as DNA repair, cell cycle arrest, cell death (apoptosis), and senescence (5) . A growing body of evidence is emerging in the literature that important genes in this pathway could harbor functional single nucleotide polymorphisms (SNP).
The SNPs in the p53 pathway that are most frequently studied are found in the p53 and MDM2 genes (p53 codon72; ref. 6 , rs1042522, C/G; MDM2 SNP309; ref. 7 , rs2279744, T/G). The allelic frequencies for both SNPs vary significantly in different ethnic and racial populations. For example, the G allele of MDM2 SNP309 was found to be at 10% in African Americans (8) , 33% in Northern Europeans (9) , 45% in Asians (10) , and 50% in Ashkenazi Jewish individuals (9) . To explain the significant differences for both polymorphisms, allele-specific selective advantages and disadvantages for evolution and/or reproduction have been proposed (8, (11) (12) (13) . Indeed, two recent reports have provided evidence of recent natural selection for both polymorphic loci (8, 13) . For example, in the first report the MDM2 haplotype structure was determined in Caucasians (8) . It was noted that the unusually long and frequent haplotype that harbors the G-allele of MDM2 SNP309 deviates significantly from the standard assumptions of selective neutrality using multiple selection tests. These include an entropy-based selection test that compares both the frequency and long-range correlations of an allele with a simulated model in which the allele is selectively neutral. Although the precise reason(s) for the selection pressure on these functional p53 pathway SNPs is still under investigation, many reported observations suggest that selection pressure on the p53 pathway may be possible. For example, a well-regulated p53 pathway has been shown to be crucial not only for murine tumor suppression and the response to DNA damaging therapies, but also for proper embryonic development, embryonic implantation, pregnancy rates, and litter sizes (2, 8, 12) . Indeed, allelic differences have been noted for both functional p53 pathway SNPs in human fertility (14) (15) (16) (17) . However, regardless of the precise reasons for the selection pressures, signs of natural selection of p53 variants seem to be a characteristic of functional p53 pathway SNPs as has been further validated by a recent study of the genetic variation of the MDM4 oncogene (18) .
Both p53 codon72 and MDM2 SNP309 have been shown to associate with differences in the onset and the risk of cancer, as well as survival (7, 19, 20) . For example, p53 mutation carriers (Li-Fraumeni) with the G-allele of MDM2 SNP309 were shown to be diagnosed with tumors on average 7, 10, and 16 years earlier than carriers that are T/T in genotype (7, 21, 22) . Earlier ages of onset associated with individuals with the G-allele, but no known p53 mutations, were also shown in soft tissue sarcomas (7), lymphoma (9), leukemia (23) , and head, neck and oral squamous cell carcinomas (24, 25) , and in cancers of the colon (26) , breast (9, 27) , bladder (28) , ovary (29), brain (30) , and liver (31) . It has been proposed that the high levels of MDM2 resulting from the G-allele attenuate the p53 stress response, resulting in a higher mutation rate, poorer DNA repair processes, reduced apoptosis, and senescence, leading to faster and more frequent tumor formation (7) . Indeed, G-allele carriers of MDM2 SNP309 have been shown to harbor an increased risk of developing many cancers (3, 19) .
The identification and description of high-frequency SNPs in the p53 stress response pathway that alter cancer risk, progression, and outcome will not only potentially increase our understanding of this tumor suppressor pathway in humans, but could also lead to their use in personalizing prevention and therapeutic strategies. Therefore, in this report we attempt to accelerate the identification of functional genetic variants, by incorporating the above-described characteristics of functional p53 pathway SNPs into an analysis of 142 genes known to be important in mediating and regulating the p53 stress response. Specifically, genetic variants are sought in those genes, which associate with haplotypes that show signs of natural selection, and differences in soft tissue sarcoma risk and survival.
Materials and Methods
Patients. A total of 130 patients (73 females and 57 males; ages 14 to 87 y; mean, 56.3 y) diagnosed with soft tissue sarcoma in the years 1991 to 2001 at the Surgical Clinic 1, University of Leipzig, Germany and at the Institute of Pathology of the Martin-Luther-University Halle, Germany, were included in the study. The mean observation time was 40.5 mo (range, 2-198 mo). Sixty-three patients died from tumor-related causes within the observation time, whereas 67 patients were still alive after this period. All patients underwent surgical treatment and the subsequent mean survival rate was 25.1 mo (range, 2-119 mo). The DNA of 66 patients was extracted from whole blood samples (n = 22) or normal, pathologically confirmed tumor-free tissue, adjacent to the resection specimen (n = 44). The DNA of the remaining 64 patients was obtained from tissue within the tumor confinements. The control cohort consisted of 497 blood donors (Germans with central European origins; 193 females and 304 males, ages 19 to 68 y; mean, 43.9 y) from whom DNA was extracted from whole-blood samples that were obtained at the German Red Cross Blood Transfusion Service NSTOB (Springe, Germany). All persons gave written and informed consent. Approval from the local ethics committee was obtained.
Sequence analysis. DNA from the preserved material was extracted using the Innuprep Blood DNA mini-kit and the Innuprep DNA mini-kit (AJ Innuscreen GmbH). The PPP2R5E SNP, rs11158491 (ε-SNP2), was genotyped in the patients and controls using the Applied Biosystems' SNP genotyping assay C___2819093_10 with the AB 7500 Real-Time PCR System (Applied Biosystems).
Statistical analysis. A permutation test was done to determine the statistical significance of the noted increase of the mean age of tumor diagnosis, whereby T/T<C/T<C/C. The statistical significance for the enrichment of T/T carriers in the cases relative to the controls was computed using, first, a Bayesian estimate of the probability density function of the fraction of T/T homozygous in the control population, and second, a binomial test to compute the probability to observe (n)T/T cases in (n) cases. The mean odd ratios (OR) and 95% confidence intervals between the C/C and T/T homozygots were determined using a Bayesian estimate. Case and controls were matched for both gender and age. Survival analysis was done using the Kaplan-Meier and the Cox's multivariate proportional hazards regression model with SPSS 16.0 software (SPSS Inc.). Patients who were alive at the time of the last follow-up were included as censored data into the survival analyses. Values of P < 0.05 were considered significant.
Results
To identify genetic variants in p53 stress response genes that deviate from the standard assumptions of selective neutrality, we utilized a previously described and publicly available map of recent positive selection of the human genome (32) . 8 In
Translational Relevance
The identification and description of high-frequency genetic variants that alter cancer risk, progression, and outcome is thought to eventually lead both to their use in personalizing prevention and therapeutic strategies, and to the development of novel ones. A large body of evidence strongly suggests that the p53 tumor suppressor pathway is central both in reducing cancer frequency in vertebrates and in mediating the response of commonly used cancer therapies. Here, we describe and utilize an approach that accelerates the identification of functional p53 stress response single nucleotide polymorphisms that affect human cancer. We identify the PPP2R5E gene, which encodes a regulatory subunit of the tumor suppressing protein phosphatase 2A, as harboring genetic variants that can affect soft tissue sarcoma and that may be under evolutionary selection pressure. The presented data not only support an important role for PPP2R5E in sarcoma development and outcome, but also support its value as a prognostic and predictive factor.
Haplotter, recent positive selection is determined using a haplotype-based approach that looks for enrichment of the classic signal for strong directional selection using the phase II data of the HapMap. The classic signal for strong directional selection is an extended haplotype with very low diversity, or high homozygosity. This is thought to occur when a selected allele increases in frequency so quickly that insufficient time remains to allow recombination to reduce its length. Haplotter utilizes a test *PPP2R5E ε-SNP2. Fig. 1 . A depiction of the haplotype structure of the PPP2R5E gene in Central Europeans centered on ε-SNP2 (rs11158491). The C-allele is the derived allele of PPP2R5E ε-SNP2 and the T allele is the ancestral allele. The numbers at the bottom of each haplotype denote the inferred frequencies. In the upper right corner, the order of the SNPs is reported using the annotation of dbSNP (National Center for Biotechnology Information, rs -numbers).
statistic called the integrated haplotype score (iHS), which is a measure that includes the degree of haplotype homozygosity around a given SNP (33) . Highly positive and negative iHS scores (>2.5 or <-2.5) denote SNPs that harbor higher haplotype homozygosity, compared with other SNPs with similar allele frequencies in the genome. A large negative score denotes an unusually long haplotype carrying the derived (nonancestral) allele; a large positive score denotes a long haplotype carrying the ancestral allele. Importantly, a genomic region or gene is only noted to be positively selected when it contains numerous SNPs with extreme iHS scores (32) . An empirical P value is assigned to each gene as a fraction of genes in the genome with the same number of SNPs with extreme iHS scores, in a window of 50 consecutive SNPs, that is equal to or larger than the given gene. When we analyze the 142 genes important in mediating and regulating the p53 stress response (Supplementary Table S1 ), only one gene resides in a genomic region that shows significant evidence of recent positive selection. A gene that encodes a regulatory subunit of the protein phosphatase 2A (PP2A) holoenzyme, PPP2R5E (protein phosphatase 2, regulatory subunit B′, ε isoform), is found to be in a region of the genome that shows significant signs of natural selection in the Caucasian population of the HapMap (north-western European ancestry, P = 0.006713). Specifically, out of the 122 genotyped SNPs in PPP2R5E, with minor allele frequencies ≥10%, 29 SNPs have extreme iHS scores (Table 1, 26 SNPs with iHS >2.5 and 3 SNPs with iHS <-2.5).
The subsequent analyses focus on the three SNPs wherein the derived alleles associate with unusually long haplotypes as they might denote a functional nonancestral allele that has undergone a recent selective sweep. The alleles of all three loci are highly linked to each other, to such an extent that these associations are nonrandom and, therefore, in very high linkage disequilibrium (LD). Specifically, rs10151527 in intron 2 (ε-SNP1) is in either complete or almost complete LD with two SNPs in intron 3, rs11158491 (ε-SNP2; D′ = 1; R 2 = 1) and rs10140679 (ε-SNP3; D′ = 1; R 2 = 0.87). Indeed, the derived alleles for all three SNPs are at very high frequencies in the central European populations (>72%), and the low diversity of the derived haplotypes are readily apparent. As seen in Fig. 1 , when we analyze the marginal haplotypes of the 15 SNPs centered on ε-SNP2 (rs11158491), it is clear that the high-frequency (73%) derived allele (C) shows significantly lower haplotype diversity than the lower-frequency (27%) ancestral allele (T), and has a dominant haplotype in 69% of the population. This noted high-frequency, low-diversity haplotype is similar to the haplotype containing the functional G-allele of MDM2 SNP309 (8) . We reasoned that the PPP2R5E haplotype, denoted by these SNPs, might also harbor one or more functional alleles and, therefore, also show allelic differences in human cancer populations.
The first noted clinical association of the G-allele of MDM2 SNP309 was its association with an earlier tumor onset in soft tissue sarcoma patients, first in p53 mutation carriers and subsequently in sporadic cases (7) . Soft tissue sarcoma accounts for <1% of all human malignancies with a cumulative incidence of 3 per 100,000 people per year (34). As mentioned above, similar effects have been subsequently observed in a variety of other tumor types (3) . To test the hypothesis that the PPP2R5E haplotype might also harbor one or more functional SNPs, which show allelic differences in human cancer populations, we genotyped ε-SNP2 in the same cohort of sporadic soft tissue sarcoma patients in which the affect of age-dependent incidence of the MDM2 SNP309 locus was first described (refs. 7, 9; Table 2 ). Similar to MDM2 SNP309, when the sarcoma patients were separated based on the PPP2R5E ε-SNP2 genotype, patients homozygous for the T-allele were found to be diagnosed significantly earlier in life than individuals C/T or C/C in genotype. Specifically, sarcoma patients with a C/C and C/T genotype were diagnosed with a mean age of 58.2 and 57.6 years, respectively, whereas patients homozygous for the T-allele showed an 11.8-year earlier age of tumor onset at 46.4 years (P = 0.001, permutation test; Table 3 ). Interestingly, a further similarity with the observations made for MDM2 SNP309 (3, 9, 35, 36) was that these allelic differences show a strong gender-dependence. For ε-SNP2, the greatest allelic difference in the age of onset was found in the male patients. Males T/T in genotype showed a 19.2-year earlier tumor onset when compared with males homozygous for the C-allele (P = 0.0002, permutation test; Table 3 ). A similar, albeit weaker, 5.7-year difference was observed in the female patients (Table 3) . However, these differences failed to reach statistical significance. To expand our analysis of the allelic differences of ε-SNP2 in the risk of developing soft tissue sarcomas, we genotyped ε-SNP2 in 497 blood donors of the same ethnic background. Among them, 38 (T/T, 7.6 %) were homozygous for the ε-SNP2 T-allele, 266 (C/C, 53.5 %) were homozygous for the C-allele, and 193 (T/C, 38.9 %) were heterozygous (Table 4) . These ε-SNP2 genotype frequencies differed significantly from those found in the 130 sarcoma patients. Interestingly, an enrichment of individuals homozygous for the T-allele (13.8%) and a decrease in the C/C genotype frequency (50.0%) were noted in the sarcoma patient group, suggesting that T/T individuals harbor a higher risk of sarcoma development (OR, 2.3; P = 0.025, Table 4 ).
The above-described age-of-onset analysis suggests that significant enrichments of particular genotypes in the patient populations, compared with controls, could also be gender-and/ or age-dependent. Therefore, incorporating these parameters could identify individuals with an even higher risk of sarcoma development. To do this, we divided either all sarcoma patients, or male patients and female patients, into three groups of almost equal size according to their age at diagnosis: the youngest, intermediately aged, and oldest. Interestingly, upon comparison of the genotype frequencies, the youngest patients in all three groupings (total, males and females) showed a significant enrichment of the T/T genotype when compared with the controls, and a subsequent decrease in the frequency of the C/C genotype (Table 4) . Specifically, individuals homozygous for the T-allele made up 27.9% of the youngest patients as opposed to 7% of intermediately aged, 6.8% of oldest cases, and 7.6% of controls (OR, 5.3; P = 0.0010; Table 4 ). Furthermore, in agreement with the previous results, these observations were particularly pronounced in the youngest male patients, whereas men T/T in genotype made up 33.3% of the male cases diagnosed at youngest age, as opposed to 6.3% of oldest male cases, and 7.6 % of blood donors (OR, 8.1; P = 0.0040; Table 4 ). In contrast, men C/C in genotype made up only 38.1% of the male cases diagnosed at youngest age, as opposed to 60% of intermediately aged, 68.7% of oldest male cases, and 53.5% of blood donors. As with the age-of-onset analysis, similar, weaker trends were observed in the female patients, whereas the T/T genotype made up 22.7% of youngest females (OR, 6.1; P = 0.048; Table 4 ) and only 7.1% of oldest women.
Together, the above-described significant allelic differences in age-dependent onset and risk of soft tissue sarcoma development lend strong support to the hypothesis that the PPP2R5E haplotypes, denoted by PPP2R5E ε-SNP2, might also harbor one or more functional, clinically relevant SNP(s). To further test the perceived clinical relevance of ε-SNP2, we assessed the potential impact of this locus on the overall survival of the sarcoma patients. To begin with, we did a Kaplan-Meier survival analysis that revealed that sarcoma patients C/C in genotype associated with the worst overall survival with a mean survival time of 48.4 months, followed by patients heterozygous for the C-allele (mean survival time of 69.9 months) and subsequently individuals with a T/T genotype (mean survival time of 142.7 months; P = 0.03, log rank test; Fig. 2 ). To exclude potential biases from other independent prognostic factors, we carried out a multivariate Cox's regression survival analysis adjusted to tumor stage, subtype, and localization, as well as type of tumor resection and gender. This analysis further confirmed the initial results, showing a 3.04-fold increased risk for tumor-related death for patients C/C in genotype when compared with individuals homozygous for the T-allele (P = 0.026; Fig. 2) . Table 4 . Summary of case-control analyzes of PPP2R5E ε-SNP2 Abbreviation: 95% CI, 95% confidence interval. *Probability to observe (n) TTs in (n) cases given the (n) TTs in (n) controls. Cases and controls were age and gender matched. † Bayesian estimate.
Discussion
In this report, we set out to search for genetic variants in 142 genes known to be important in mediating and regulating the p53 stress response that show signs of natural selection and differences in sarcoma risk and survival. By utilizing a map of recent natural selection (Haplotter), we identified only one gene of these 142 that resides in a genomic region that shows highly significant evidence of selection. This gene (PPP2R5E) encodes a regulatory subunit of PP2A. The strongest signs of natural selection that associated with derived (nonancestral) alleles were from three SNPs that were in high linkage disequilibrium with each other. To assess potential differences in sarcoma risk and survival, one of these linked SNPs (PPP2R5E ε-SNP2) was genotyped in a cohort of patients diagnosed with soft tissue sarcoma and a control group of the same ethnicity. Interestingly, the subsequent analysis revealed that, in soft tissue sarcoma patients, PPP2R5E ε-SNP2 associates strongly with both altered risk and survival. Individuals homozygous for the ancestral allele (T/T) associate with significant allelic differences in the onset and risk of soft tissue sarcoma development in a gender-dependent manner. Specifically, male T/T carriers are diagnosed 19 years earlier than male C/C carriers and have a significantly increased risk of developing early onset disease (OR, 8.1; Table 4 ). However, once diagnosed with soft tissue sarcoma, C/C carriers associate with a significant and increased risk of tumor-related death (relative risk, 3.04; Fig. 2) .
The genomic region noted to be under evolutionary selection pressure also included two other, less-characterized genes, WDR89 and SGPP1. Neither gene has been shown to play a role in the induction or regulation of malignant transformation. In contrast, mounting evidence of the tumor suppressing activity of the PP2A holoenzyme can be found in the literature (37) (38) (39) (40) (41) (42) . An important mechanism of intracellular signaling is the regulated, reversible, phosphorylation of proteins, and deregulation of these events can play a central role in the malignant transformation of the cell. Recent work has provided compelling evidence for the role of specific protein phosphatases, particularly of PP2A, in carcinogenesis and tumor progression (39, 42) . PP2A phosphatase activity has been shown to interact directly with the p53 pathway, causing the dephosphorylation of key residues of p53 and MDM2, resulting in the regulation of p53 activity levels in cells (43) (44) (45) (46) (47) . For example, the PP2A-mediated dephosphorylation of MDM2 has been linked to the ability of MDM2 to degrade p53 (47). It will be interesting to determine whether the varying levels of MDM2 protein produced by the different alleles of MDM2 SNP309 can modify the significant allelic differences of the PPP2R5E variant in cancer risk and survival.
The genes that encode the subunits of the PP2A holoenzyme were included in our study due to the above-described role that PP2A plays in regulating p53 signaling (43) (44) (45) (46) (47) . However, PP2A can affect other, at least partially, p53-independent intracellular signaling pathways that affect human cancer (42) . For example, PP2A can antagonize Ras signaling by dephosphorylating c-Myc and RalA and by negatively regulating the PI-3 kinase/Akt signaling pathway (39) . Indeed, it will be of future interest to explore whether the significant allelic differences in haplotype structure, cancer risk, and cancer survival noted in this report are due to allelic differences in p53 signaling or other signaling pathways affected by PP2A activity. Further evidence of the importance of PP2A activity in suppressing cellular transformation lies in the wide range of mechanisms that transformed cells have evolved to inhibit its activity. For example, inhibition of PP2A activity has been shown to be mediated by the small tumor antigen of DNA tumor viruses (48) by up-regulation of the c-Myc-specific inhibitor CIP2A (49) , by BCR/ABL via SET up-regulation (50), through biallelic mutational inactivation of the Aβ subunit (51), or by decreased expression of the Aα subunit (37) .
PP2A is a ubiquitously expressed heterotrimeric protein that accounts for a large fraction of phosphatase activity in eukaryotic cells (39) . The various forms of PP2A contain an active core dimer, made up of the catalytic (C-) subunit and a structural scaffold A subunit. The scaffold subunit mediates interaction of the core dimer with a great variety of regulatory (B-) subunits that determine the localization, specificity, and functions of individual isoforms (42) . Four families of B subunits have been described: B/B55/PR55/PPP2R2, B′/B56/PR61/PPP2R5, B″/ PR72/PPP2R3, and B′″/PR93/SG2NA/PR110/Striatin (39) . Furthermore, five different PPP2R5 genes have been identified: PPP2R5A (α-), PPP2R5B (β-), PPP2R5C (γ-), PPP2R5 (δ-) and PPP2R5E (ε-isoform; ref. 52). To date, little is known about the specific regulatory role of PPP2R5E.
The observations reported here remain to be validated in other patient cohorts, and importantly, the regulatory changes associated with PPP2R5E ε-SNP2 are yet to be determined. The SNPs that associated with the strongest signs of natural selection with derived (nonancestral) alleles are in high linkage disequilibrium with each other and reside in either intron 2 or intron 3 (Table 1 ). To our knowledge, there have been no published attempts to characterize the regulatory regions of the PPP2R5E gene, and therefore a discussion of whether or not one of these SNPs resides in a potential regulatory region would be premature. Furthermore, more exhaustive searches for other genetic variants closely linked to these SNPs, but not included in the HapMap project, will be necessary to develop a complete list of candidate functional SNPs that merit further experimental investigation into the molecular and cellular mechanisms behind the significant allelic differences in haplotype structure, cancer risk, and cancer survival noted in this report. However, these data strongly suggest that PPP2R5E plays a significant regulatory role in the development and progression of soft tissue sarcomas and harbors genetic variants that can affect human cancer and may be under evolutionary selection pressure.
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